• Rats were subjected to zinc deficiency (ZD) and/or social isolation (SI).
Introduction
During development, the environment plays a significant role in the pathophysiology of mood disorders such as depression [1, 2] . There are many environmental problems that can contribute to * Corresponding author. Tel.: +81 776 61 8363; fax: +81 776 61 8136.
E-mail address: omata@u-fukui.ac.jp (N. Omata). mood disorders if they occur during the early stages of life, and nutritional and social environmental problems play particularly important roles in such conditions. Food restriction in adolescence or exposure to social environmental stress in early life can have a profound influence on individuals' susceptibility to depression and other mood disorders in adulthood [1, 2] . Therefore, it is reasonable to evaluate the pathophysiology of mood disorders by examining the effects of nutritional and social environmental problems. Various nutritional problems are associated with mood disorders. Recently, zinc deficiency (ZD) has often been reported as a potential cause of mood disorders [3] . Zinc is a metal that is essential for the development and maintenance of brain function [4] . Furthermore, ZD can cause depressive symptoms. Depression is associated with a lower concentration of zinc in the peripheral blood [5] , and a significant negative correlation was detected between the blood zinc concentration and depressive symptoms [6] . During imipramine treatment, zinc supplementation results in increased efficacy and a more rapid therapeutic response, particularly in patients who were previously unresponsive to antidepressant pharmacotherapy [7] . Also in rats, ZD was found to increase depressive-like and anxiety-related behavior [8, 9] .
Social isolation (SI) is one of the most important social environmental problems associated with mood disorders. Children that are exposed to SI were found to be at elevated risk of depression [10] , and SI also reduces the efficacy of treatment for depression [11] . In primary care, SI is often used for depression screening [12] . Previous studies using rats have suggested that anxiety-related behaviors can develop in early adulthood if isolation occurs in early pre-adolescence and persists until the middle period of midadolescence [13] [14] [15] . Similarly, many reports have suggested that SI increases depressive-like behavior [16] .
As described above, both ZD and SI can induce a depressive state. Therefore, it was assumed that the co-occurrence of SI and ZD would result in severe mood disorders. However, in a previous preliminary study using rats we found evidence to suggest that although SI or ZD alone increases anxiety-related behavior, the cooccurrence of SI and ZD might decrease it [17] . In this study, we performed further examinations to confirm our findings, and we also evaluated the effects of ZD and/or SI on depressive-like behavior. Norepinephrine (NE) is one of the neurotransmitters associated with mood. Many studies have shown that disruption or dysfunction of the central NE system is involved in mood disorders [18, 19] . The NE transporter (NET) is expressed in the presynaptic terminals of NE neurons and plays a critical role in NE reuptake and regulates the synaptic NE concentration [20, 21] . The concentration of the NE metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) is considered to be a marker of central NE system activity [22] . Therefore, in addition to behavioral tests we elucidated the mechanisms responsible for the behavioral changes induced by ZD and/or SI through evaluations of the central NE system; i.e., of brain NE concentrations, NET expression, and blood MHPG concentrations.
Materials and methods

Animals and experimental protocol
All protocols were consistent with the National Institutes of Health policy regarding the use of animals in experimental research. The institutional animal care committee at the University of Fukui approved the experiments. Three-week-old male Wistar rats were purchased from Sankyo Labo Service Corp. (Tokyo, Japan) and were housed individually (SI) or in groups (GP). They were housed in cages kept at 24 ± 1 • C under a 12 h/12 h light-dark cycle and allowed free access to normal food and water. Then, the rats were divided into four groups: the control group (GP, normal diet), SI group (SI, normal diet), ZD group (GP, zinc-deficient diet), and SI + ZD group (SI, zinc-deficient diet). After 1 week (at the age of 4 weeks), ZD was induced in the relevant rats by switching their food to a zinc-deficient diet. The zinc-deficient diet was purchased from Oriental Yeast Co. Ltd. (Yokohama, Japan). The rats in the non-ZD groups were fed the normal diet for a further 2 weeks (to the age of 6 weeks). At the age of 6 weeks, all of the rats were subjected to the elevated plus maze test followed by the forced swim test. After these behavioral tests, the rats' body weight was measured, and blood samples were collected. The rats' blood zinc concentrations were measured using an ESPA·Zn kit (Nipro Corp., Osaka, Japan), and their blood MHPG concentrations were measured as described previously using high-pressure liquid chromatography (HPLC) and an electrochemical detection (ECD) method [23] . Brain NE concentrations and NET expression levels were evaluated in 6-week-old rats (different rats from those used for the behavioral tests).
Elevated plus maze test
To evaluate anxiety-related behavior, the elevated plus maze test was performed as described previously [24] . Briefly, the device had two open arms (45 cm × 10 cm) and two enclosed arms (45 cm × 10 cm, surrounded by 50 cm high non-transparent walls) extending from a central platform (10 cm × 10 cm), which was elevated 65 cm above the floor. Individual rats were placed on the central platform facing an enclosed arm and were allowed to explore the maze freely for 5 min. Each rat's behavior was monitored using a video camera and was analyzed using the ANY-maze video-tracking system (Stoelting Co., Wood Dale, IL, USA). The total time spent in each area, and the total distance traveled was measured. The ratio (%) of the time spent in the open arms to the total time spent in all arms (%open) was calculated as an anxiety index.
Forced swim test
To evaluate depressive-like behavior, the forced swim test was performed as described previously [25] . Briefly, each rat was subjected to two sessions. During the first (habituation) session, each rat was placed into a plastic cylinder (height: 80 cm, diameter: 45 cm) maintained at 25 ± 1 • C containing 25 cm water for 15 min on the day after the elevated plus maze test. Twenty-four hours later, each rat was placed into the cylinder for a further 5 min, and their behavior was digitally recorded so that it could be scored later. Behavior was analyzed in 5-second intervals, and immobility time, which was defined as the total duration of periods of inactivity, except for movements made by the rats to keep their heads above water, was scored as an index of depressive-like behavior. Three people independently measured immobility time, and the mean time was used.
Brain NE concentrations
Brain NE concentrations were measured by HPLC combined with ECD (HTEC-500, Eicom, Kyoto, Japan). The rats' brains were excised and divided into six parts: the frontal cortex, striatum, thalamus, hippocampus, cerebellum, and pons. As an internal standard, 100 ng of dihydroxybenzamidine (DHBA) was added to the samples, which were then homogenized in a Polytron homogenizer in 10 volumes of 0.1 N HClO 4 , and the resultant homogenates were centrifuged at 20,000 × g for 15 min. The NE concentration of the supernatant was measured by HPLC with ECD. NE concentrations were calculated using a standard curve constructed with known amounts of NE.
NET autoradiography
The synthesis of a radioligand for NET ((S,S)-2-(␣-(2-[ 77 Br]bromophenoxy)benzyl)morpholine, (S,S)-[ 77 Br]BPBM) and the evaluation of NET expression using autoradiography were performed as described previously [26, 27] . Briefly, Br-77 was produced using a low-energy proton reaction involving 77 Se(p, n) 77 Br. The synthesis of no-carrier-added (S,S)-[ 77 Br]BPBM was then carried out via an iodine-radio-bromine exchange reaction. The radiochemical yield of (S,S)-[ 77 Br]BPBM was about 45%, and its radiochemical purity was greater than 99%. Rats were intravenously injected with 3.7 MBq of (S,S)-[ 77 Br]BPBM. At 180 min after the injection, the rats were decapitated under light ether anesthesia, and their brains were rapidly removed, frozen, and cut into 20 m-thick sections with a cryostat microtome. The sections were thaw-mounted on precleaned silane-coated slides, before being placed on imaging plates (BAS-SR, Fuji Photo Film, Tokyo, Japan) for 24 hr. The imaging plates were scanned using an FLA-7000 scanner (Fujifilm) and analyzed using the software MultiGauge (version 3.0, Fujifilm). The uptake of radioactivity into each brain region was expressed as a distribution absorption ratio (DAR), an index of radioligand accumulation corrected for body weight [28] . The DAR values were calculated using the following equation: DAR = (radioactivity of tissue/g of tissue) × (body weight/total injected dose).
Statistical analysis
All data are presented as mean ± S.E.M. values. The data were analyzed using two-way analysis of variance (ANOVA). When a significant effect was found, the Bonferroni multiple comparisons test was performed. The examined variables were diet (normal diet or zinc-deficient diet) and the environment (GP or SI). P-values of <0.05 were considered to be statistically significant.
Results
Body weight and blood zinc concentrations after ZD and/or SI
The mean body weight and blood zinc concentrations of the control, SI, ZD, and SI + ZD groups are shown in Table 1 . An analysis of the rats' body weight with two-way ANOVA detected a main effect of diet [F(1, 68) = 751.085, P ≤ 0.001], but not environment, and a significant interaction between diet and environment [F(1, 68) = 4.295, P = 0.042]. The blood zinc concentrations of the rats fed the ZD diet (ZD group and SI + ZD group) were markedly lower than those of the rats fed the normal diet (control group and SI group). An analysis of the rats' blood zinc concentrations using two-way ANOVA detected a main effect of diet [F(1, 38) = 665.696, P ≤ 0.001], but not environment, and a significant interaction between diet and environment [F(1, 38) = 8.143, P = 0.007]. A post-hoc multiple comparisons test detected a significant difference between the blood zinc concentrations of the ZD and SI + ZD groups.
3.2. Anxiety-related behavior observed after ZD and/or SI The control animals were housed in a group (GP) and fed a normal diet (ND). Data are shown as mean ± S.E.M. values (n = 14). **P < 0.01.
Fig. 2. Depressive-like behavior in the forced swim test after zinc deficiency (ZD) and/or social isolation (SI).
The control animals were housed in a group (GP) and fed a normal diet (ND). Data are shown as mean ± S.E.M. values (n = 10). n.s.: not significant. was concluded that although SI alone or ZD alone increased anxiety, the co-occurrence of SI and ZD decreased anxiety. Regarding the total distance traveled, ANOVA detected a main effect of diet [F(1, 52) = 5.891, P = 0.019], but not environment, and no interaction between diet and environment. Therefore, the co-occurrence of SI and ZD was considered to have little effect on locomotor activity.
Depressive-like behavior observed after ZD and/or SI
The results of the forced swim test are shown in Fig. 2 . ANOVA did not detect any effect of diet or environment; however, the interaction between diet and environment was significant [F(1, 36) = 4.420, P = 0.043]. The SI and ZD groups tended to display longer periods of immobility, although the post-hoc multiple comparisons test suggested that the difference was not significant. However, no such increase in the immobility time was seen in the rats subjected to both SI and ZD. Control group: housed in groups and fed a normal diet; SI group: housed individually, subjected to social isolation (SI), and fed a normal diet; ZD group: housed in groups and fed a zinc-deficient diet; SI + ZD group: housed individually, subjected to SI, and fed a zinc-deficient diet. Data are shown as mean ± S.E.M. values (n = 5-7). *P < 0.05. Fig. 4 . Expression of NET in the locus coeruleus (LC), frontal cortex (FC), striatum (Str), thalamus (Tha), hippocampus (Hip), and cerebellum (Cer). Control group: housed in groups and fed a normal diet; SI group: housed individually, subjected to social isolation (SI), and fed a normal diet; ZD group: housed in groups and fed a zinc-deficient diet; SI + ZD group: housed individually, subjected to SI, and fed a zinc-deficient diet. Data are shown as mean ± S.E.M. values (DAR: (radioactivity of tissue/g of tissue) × (body weight/total injected dose)) (n = 4). *P < 0.05. Fig. 3 shows the rats' brain NE concentrations. In the pons, including the locus coeruleus (LC), ANOVA detected a main effect of environment [F(1, 19) = 19.965, P ≤ 0.001], but not diet, and no interaction was detected between diet and environment. The rats' brain NE concentrations were decreased after SI regardless of their diet. Similar findings were obtained in the other analyzed brain regions (the frontal cortex, striatum, thalamus, hippocampus, and cerebellum).
NE concentrations in various brain regions
Expression of NET in various brain regions
The expression levels of NET in each brain region are shown in Fig. 4 . In the LC, ANOVA detected a main effect of diet [F(1, 12) = 53.669, P ≤ 0.001], but not environment, and a significant interaction between diet and environment [F(1, 12) = 11.771, P = 0.005]. Post-hoc multiple comparisons tests detected significant differences in NET expression in the LC between the SI and ZD groups, and between the ZD and SI + ZD groups. SI alone did not have a significant effect on NET expression in the LC. However, ZD alone caused reductions in NET expression, and the co-occurrence of SI and ZD resulted in lower NET expression than was seen in the rats subjected to ZD alone. On the other hand, no significant differences in NET expression were detected in the other examined brain regions (frontal cortex, striatum, thalamus, hippocampus, and cerebellum). The control animals were housed in a group (GP) and fed a normal diet (ND). Data are shown as mean ± S.E.M. values (n = 9-12). *P < 0.05. Fig. 5 shows the blood concentration of MHPG. ANOVA detected a main effect of diet [F(1, 32) = 12.774, P = 0.001], but not environment, and a significant interaction between diet and environment [F(1, 32) = 8.122, P = 0.008]. Post-hoc multiple comparisons tests detected differences in the blood MHPG concentration between the SI and ZD groups, and between the ZD and SI + ZD groups. The effect of SI alone on the blood concentration of MHPG was not significant. ZD alone increased the blood concentration of MHPG, and the cooccurrence of SI and ZD resulted in higher blood concentrations of MHPG than ZD alone.
Blood concentration of MHPG after ZD and/or SI
Discussion
Compared with the control group, the SI and ZD groups displayed increased anxiety-related behavior in the elevated plus maze test and tended to exhibit more frequent depressive-like behavior in the forced swim test. Similarly, it has often been reported that ZD or SI alone is associated with anxiety-related or depressive-like behavior [8, 9, 16] . However, rats that were subjected to both ZD and SI demonstrated less severe anxiety-related behavior compared with the controls, which agrees with our previous findings [17] . In addition, the rats subjected to both ZD and SI also demonstrated control levels of depressive-like behavior. Therefore, while ZD or SI alone had anxious or depressive effects, both conditions had the opposite effects; i.e., anxiolytic and antidepressive effects.
What are the mechanisms underlying the behavioral changes induced by SI and/or ZD? To elucidate the mechanisms responsible for the behavioral changes induced by ZD and/or SI, we evaluated the activity of the central NE system; i.e., we assessed the rats' brain NE concentrations, brain NET expression, and blood MHPG concentrations. As a result, we detected reduced brain NE concentrations after SI. This agrees with the findings of previous studies in which the brain NE concentrations of isolated animals were found to be significantly lower than those of the control groups [29, 30] . Reductions in brain NE concentrations are associated with anxiety and depressive symptoms [31, 32] . Therefore, the reductions in the brain NE concentration induced by SI might have resulted in increased anxiety-related and depressive-like behavior. Regarding NET expression, it decreased after ZD in the LC. The LC is the principal site at which NE is synthesized in the brain, and the neurons in the LC project into many brain regions, with particularly dense innervation seen in the limbic regions, which affect stress responses [33] [34] [35] . NET has a zinc-binding site [36] , and zinc finger transcription factors require zinc ions in order to stabilize their zinc-binding folds [37] . Therefore, ZD might disturb the maintenance of the structure of NET, resulting in a reduction in NET expression. SI alone did not have a significant effect on NET expression in our experiment, but Spasojevic et al. detected a disturbance in NET expression in socially isolated rats [38] . Therefore, SI alone might induce a state in which NET expression is susceptible to downregulation, and the co-occurrence of SI and ZD might result in lower NET expression than ZD alone. Moreover, the cooccurrence of SI and ZD induced lower serum zinc concentrations than ZD alone, which might have led to a further reduction in NET expression.
NE is recycled into the presynaptic terminals by NET, and a reduction in NET prolongs the clearance of NE and elevates extracellular NE concentrations [39, 40] . Thus, reductions in NET expression might induce hyperactivity in the NE system and increased blood MHPG concentrations. Indeed, in the present study the lower NET expression group tended to exhibit higher MHPG concentrations. Haenisch et al. reported that NET knockout mice were resistant to stress-induced depressive-like changes in their behavior and brain neurotrophin expression [41] . Furthermore, reboxetine, which is a selective noradrenaline reuptake inhibitor, has anxiolytic and antidepressive effects [42] . The abovementioned studies suggest that reduced NET expression results in less severe anxiety-related and depression-like behavior. Similarly, the marked reductions in NET expression seen in the LC in the present study might have caused the anxiolytic or antidepressive effects observed in the rats subjected to both SI and ZD.
Previous studies using mice have reported that SI enhanced the aggressive behavior caused by ZD [43] . Considering the changes observed in the behavioral experiments from a clinical point of view, decreased anxiety or enhanced aggressive behavior is often observed in subjects a manic state. Therefore, the data obtained in this study and the results of previous studies suggest that although SI or ZD alone induces a depressive state, both ZD and SI might cause a manic state. On the other hand, food restriction and/or exposure to SI are often seen in situations associated with poor growth such as neglect. Therefore, the effects of both SI and ZD observed in this study are considered to be similar to those of such situations. Neglect, particularly during early childhood, is a form of type III trauma; i.e., extreme trauma characterized by multiple traumatic experiences that typically begin at an early age and might be perceived as life-threatening [44] . Traumatic stress caused by childhood neglect compromises homeostasis and leads to a range of long-term biological changes involving the nervous and endocrine systems [45, 46] . These changes affect physiological, emotional, cognitive, and social functions and could result in a variety of problems including difficulty regulating affective impulses and the inappropriate expression of anger. Low levels of anxiety and fearlessness can encourage impulsive and offensive actions [47, 48] . Therefore, our results also suggest that rats that have been subjected to both SI and ZD could be a useful animal model for examining the developmental mechanisms responsible for antisocial behavior.
Conclusion
In rats, SI or ZD alone induced anxious and depressive behavior, but the co-occurrence of SI and ZD had anxiolytic and antidepressive effects. Furthermore, these behavioral changes were accompanied by alterations in the central NE system. However, some of the observed phenomena are difficult to explain based on changes in central NE system. For example, ZD alone increased anxiety-related and depressive-like behavior, but the co-occurrence of SI and ZD decreased them. Nevertheless, both ZD alone and the co-occurrence of SI and ZD decreased brain NET expression and increased the blood MHPG concentration. In addition to the NE system, other systems such as serotonergic or dopaminergic systems can affect anxiety-related and depressionlike behavior. Further research will be needed to enable us to understand the detailed effects of nutritional and social environmental problems on mood.
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